Introduction
Structural defects in silicon carbide (SiC) single crystals such as dislocations, micropipes, inclusions, etc., have been investigated by different methods, including x-ray diffraction topography (Huang et al., 1999) , visible light and scanning electron microscopies (SEM) (Epelbaum & Hofmann, 2001; Kamata et al., 2000) , AFM and TEM (Yakimova et al., 2005) . In particular, defects were imaged in polarized light (Ma, 2006) or made visible in electron beam-induced current and electroluminescence images (Wang et al., 2005) . Their morphology has been classified and examined well enough. However, the correlation between structure and morphology still remains an important issue, in which a direct correspondence is complicated by transformation behaviors of structural defects. For example, micropipessuperscrew dislocations with hollow cores (Frank, 1951; Huang et al., 1999) -can dissociate into full-core dislocations (Epelbaum & Hofmann, 2001; Kamata et al., 2000; Yakimova et al., 2005) and react with each other (Gutkin et al., 2009a; Ma, 2006) or with foreign polytype inclusions (Gutkin et al., 2006; Ohtani et al., 2006) . Recent developments have stimulated the progress in defect studies. The push was the production of high-quality crystals (Müller et al., 2006; Nakamura et al., 2004) . For example, 4H-SiC with micropipe densities as low as 0.7 cm −2 is commercially available; and the growth of the epitaxial layers with a dislocation density < 10 cm −2 has been demonstrated (Müller et al., 2006) . Such low defect densities are very suitable for x-ray imaging techniques, whose development is pulled by the advent of synchrotron radiation (SR) sources. The combination of synchrotron x-ray topography and optical microscopy succeeded in shedding light on the elucidation of the origin and transformation of dislocations and stacking faults (Tsuchida et al., 2007) . The highly coherent beams allowed to analyze dislocation types and structures (Nakamura et al., 2007; Wierzchowski et al., 2007) , the Burgers vectors senses and magnitudes (Chen et al., 2008; Nakamura et al., 2008) , and the propagation and distribution of threading dislocations (Kamata et al., 2009) 
in detail .
A decisive advantage of third generation SR sources is the availability of phase contrast imaging which has a strong potential for studying hollow defects in SiC. To image objects with relatively small cross sections, such as micropipes, high temporal coherence is not necessary; and the spatial coherence required is directly yielded by SR source. In this work, we briefly survey the results of white beam phase contrast imaging to investigate the reactions of micropipes in SiC. We also give a short review of their experimental characterization, theoretical modeling, and computer simulation. The improvement of the crystal quality enabled us to develop our research from the collective effects in dense groups of micropipes to remote interactions between distant micropipes. The morphology of individual micropipe, which was not resolvable by diffraction topography, has been examined by phase-contrast imaging. The computer simulation of phase contrast images allowed us to determine the cross-section sizes of micropipes (Kohn et al., 2007) . In our experimental studies, different transformations and reactions between micropipes in SiC crystals have been documented: ramification of a dislocated micropipe into two smaller ones ; bundling and merging that led to the generation of new micropipes or annihilation of initial ones (Gutkin et al., 2003a; ; and interaction of micropipes with foreign polytype inclusions (Gutkin et al., 2006) followed by agglomeration and coalescence of micropipes into pores (Gutkin et al., 2009b) . Theoretical analyses of micropipes interactions show that micropipe split happens if the splitting dislocation overcomes the pipe attraction zone and the crystal surface attraction zone; bundling and twisting of dislocation dipoles arise when two micropipes are under strong stress fields from dense groups of other micropipes; micropipes are attracted by foreign polytype inclusion stress fields, initiating the nucleation and growth of pore on the inclusion. When micropipes come in contact with each other [ Fig. 1(a) ], strong interactions occur. Such interactions are expected to become less probable for low micropipe densities. In the meanwhile, remote elastic interactions between dislocations were detected and known to govern the propagation of elementary screw dislocations (Nakamura et al., 2008) . In our study we experimentally measured the variation in cross-sections of two neighboring micropipes and revealed that they reduced their diameters (approximately by half) one after another (Gutkin et al., 2008) . This 'contact-free' reaction between two micropipes, MP1 and MP2, as illustrated in Fig. 1(b) , is different with a 'contact' reaction [ Fig. 1(a) ]. Here MP1 and MP2 contain opposite-sign superscrew dislocations with Burgers vectors b 1 and b 2 , respectively. In the 'contact' reaction, the elastic attraction of the two opposite dislocations induces the gradual shift of the two micropipes to each other during the crystal growth, resulting in the formation of a new micropipe MP3 containing a new superscrew dislocation with the sum Burgers vector
,w h e r eb i is the Burgers vector magnitude, i = 1, 2, 3. As the micropipe radius is in the quadratic dependence on its Burgers vector magnitude (Frank, 1951) , the profit of this reaction is evident: instead of two micropipes we get only one with a much smaller radius. In the special case of b 3 = b 0 ,w h e r eb 0 is the Burgers vector magnitude of the elemental full-core dislocation, micropipe MP3 is normally healed.
In case of a contact-free interaction micropipe MP1 emits a full-core dislocation half-loop D, which expands by gliding, reaches the surface of micropipe MP2 and reacts with its dislocation. The corresponding dislocation reactions are described by equations:
w h e r eb 3 and b 4 are the Burgers vectors of micropipes MP1 and MP2, respectively. This reaction explains the radii reduction of both micropipes by the emission of the full-core dislocation in MP1 and its absorption in MP2. Strong reduction in the radii can lead to their gradual healing. Reaction between micropipes is always a positive process in view of their elimination during the crystal growth. Therefore, one should better understand the mechanisms of reactions and the factors stimulating such reactions. In our studies, micropipes are assumed to be screw dislocations with hollow cores (Huang et al., 1999) , as made certain by combining phase contrast and bragg-diffraction imaging.
Samples and techniques
SiC crystals were grown by the sublimation sandwich method. In this technique Si-C vapor species brought from the source (polycrystalline SiC powder) are sublimated on the seed (a crystalline SiC wafer). The source and the seed are separated by a small distance and put into the growth container with an axial temperature gradient. To improve the quality of SiC crystals, a tantalum container was used (Vodakov et al., 1997) . The container was filled with Ar (the Ar pressure: 80 mbar). The growth temperature was 2180 • C, and the growth rate was 0.5 mm × h −1 . Polytype inclusions were studied by using n-type crystals N-doped, with a donor concentration 2 × 10 18 cm −3 . They contained B to a concentration (1-2) × 10 17 cm −3 . Besides, doping of SiC by Al to a concentration of approximately (2-7) × 10 17 cm −3 occurred because of the presence of Al in the polycrystalline SiC source. The samples were on-axis wafers cut perpendicular to the [0001] growth direction and axial-cut slices along the growth direction obtained from 4H and 6H boules. The wafers were polished from the both sides down to ≈ 0.4 mm thick. Will-be-set-by-IN-TECH X-ray imaging experiments were performed on the 7B2 X-ray Microscopy beamline at the Pohang Light Source (PLS) in Pohang, Korea. The source was the 7B2 bending magnet port of the PLS storage ring. Unmonochromatized ('white') beam was propagated through polished beryllium window of 2 mm thick and then through a specimen with no optical elements in between. Passing through a CdWO 4 scintillator crystal of 200 µm thick, the X-ray beam was converted to visible lights, which were then reflected from a mirror (a polished silicon wafer) and directed to a detector with a charge coupled device (CCD) matrix. The source and the detector attributes are listed in 
Contact-free reactions between micropipes

Model
Let us turn back to Fig. 1(b) sketching the contact-free reaction between two micropipes. Direct experimental justifications of this mechanism has not been provided up to now. However, using computer simulation of phase contrast images (Kohn et al., 2007) , we have demonstrated the correlated reduction in the radii of two remote micropipes in SiC (Gutkin et al., 2008) . As shown below, this effect indirectly supports our model. The first stage of the contact-free reaction is the split of a dislocation from a micropipe at the crystal growth front. Recently the possibility of such a split event has been analyzed within a three-dimensional model (Gutkin & Sheinerman, 2004) . Here we consider a simplified two-dimensional model of a contact-free reaction between two parallel micropipes. Fig. 2 shows micropipes with circular cross sections of the radii r 1 and r 2 that contain screw dislocations with the Burgers vectors b 1 and b 2 , respectively. The distance between the micropipe axes is denoted as d. Let the first micropipe emits a screw full-core dislocation with the Burgers vector b 0 [ Fig. 2(a) ]. We also assume that a shear stress τ 0 = τ 0 yz associated with thermal stresses appearing during the growth of SiC acts in the region between the examined micropipes and far from their surfaces. To analyze the possibility of the emission, we can use the corresponding variation ΔW on the total energy of the system. It is calculated (per unit dislocation length) using the previous results Gutkin et al., 2009c) for the stresses and energies of dislocations lying in an isotropic medium with two cylindrical voids. However, in the case of interest, when d ≫ r 1 , r 2 , it is sufficient to separately consider the effects of the two voids on the shear stress as well as on the image force exerted by the micropipe surfaces on the emitted dislocation and the forces of dislocation interaction. In this approximation, the thermal shear stress τ yz acting on the emitted dislocation in between the micropipes, taken with account for the stress concentration near their surfaces,
,w h e r ex is the coordinate of the emitted dislocation. The second and third terms in brackets reflect the effects of the first and second void (Thölén, 1970) , respectively, in the limiting case d ≫ r 1 , r 2 when the mutual influence of the voids is negligible. The total elastic force acting on the emitted dislocation (per its unit length) follows 
where G is the shear modulus. In brackets of formula (1), the first and second terms correspond to the interactions of the emitted dislocation with dislocations within micropipes MP1 and MP2, respectively; the third-fourth and fifth-sixth terms correspond to the image force Pirouz, 1998) exerted by the surface of MP1 and MP2, respectively. The energy ΔW associated with dislocation emission is given by ΔW =
is the dislocation core energy (Hirth & Lothe, 1982) . Substitution of (1) to the latter relation for ΔW yields:
In the following calculations, we will use the Frank relation (Frank, 1951) As is seen, the dislocation exchange is most energetically favorable if the Burgers vectors b 1 and b 2 are opposite in sign. At the same time, to move from one micropipe to the other, the emitted dislocation must overcome an energetic barrier. If the Burgers vectors of the two micropipes are of the same sign, the emitted dislocation must overcome two energetic barriers on its way from one micropipe to the other. In this case, the possibility for the dislocation exchange between these micropipes is governed by the difference of the Burgers vector magnitudes. If (b 1 − b 2 ) < 3b 0 ,thenwehave: ΔW > 0, and the dislocation exchange is impossible. If (b 1 − b 2 ≥ 3b 0 ), then the dislocation reaction can occur if the emitted dislocation is able to overcome the two energetic barriers. The presence of two energetic barriers results in the appearance of an equilibrium position for the emitted dislocation, situated in between the micropipes. Figure 2 (c) shows the case where micropipes initially have the same Burgers vectors, equal in magnitude to 7b 0 , and the dislocation emission occurs under the action of a thermal shear stress τ 0 . One can see that the stress τ 0 reduces the energetic barriers for the dislocation exchange. In the range of stress values from 10 to 100 MPa, which are characteristic for bulk SiC growth (Ma et al., 2003; Müller et al., 2000) , the first barrier decreases weakly while the second one strongly. The first barrier has the height of about 1.5Gb 2 0 /π per unit dislocation length, which for a 4H-SiC crystal with G = 165 GPa and b 0 = 1n mg i v e s≈ 0.48Gb 2 0 l ≈ 125 eV per unit distance l ≈ 0.252 nm between basal atomic planes. This value is obviously very high that is not surprising due to the model of an infinite medium considered within the classical theory of linear elasticity. Moreover, in reality, the dislocation emission is expected to occur within a rather thin subsurface layer under the growth front where the conditions can be very far from equilibrium due to high temperature and surface effects. The height of the second barrier is approximately five times higher at τ 0 = 0b u ti t falls down to ≈ 0.16Gb 2 0 l at τ 0 = 100 MPa. The equilibrium position of the emitted dislocation increases from ≈ 9r 1 at τ 0 = 0t o≈ 17r 1 at τ 0 = 100 MPa. One can conclude that thermal shear stress greatly promotes dislocation transfer and makes it possible even in the case of micropipes having large Burgers vectors of the same sign.
Correlated reduction in micropipe cross sections in SiC growth
To observe micropipe cross-sections at different distances from the surface of a grown crystal, we prepared a special sample, which was axial-cut slice along the growth direction (0001) obtained from 4H-SiC boule. So micropipes located almost parallel to the growth axis were nearly parallel to the surface. Micropipes grouped along the boundaries of foreign polytype inclusions (6H and 12R) which appeared at ≈ 1 cm distance from the seed/boule interface. Below the inclusions over the area of 1 cm 2 micropipes were undetectable. The sample (rotated to have a horizontal position of the micropipe axis for better edge enhancement in a more coherent vertical direction) was sequentially placed at different distances from the detector. We obtained nine images for the distances from 5 to 45 cm starting with the first image registered at 5 cm from the sample. Three micropipes forming a group were examined: two in contact and the third lying remotely. The variation in cross-section sizes along the axes of MP1 and MP2 from the group are shown in Fig. 3(a) , while phase contrast image of the For all sample-to-detector distances and for different points along the axis of micropipes, the intensity profiles normal to the axis were measured. To determine the characteristic sizes of the micropipe cross sections in different points along the micropipe axis, we applied a computer simulation (Kohn et al., 2007) of the measured intensity profiles, assuming that these sections can have variations in longitudinal (along the beam) and transverse (across the beam) sizes. For every micropipe cross section under investigation, the computer program calculated many profiles for various possible section sizes on the base of Kirchhoff propagation (Kohn et al., 2007) to find the profile, which gives the best fit to the experimental profile registered for this section. The coincidence allowed us to determine both the longitudinal and transverse sizes of the section. We found that the micropipes had elliptical cross sections extended in transverse direction. The transverse and longitudinal diameters of micropipes MP1 and MP2 are presented in Fig. 3(a) versus the distance along the pipe axes increasing in the growth direction. It is seen that, with growth, the transverse size of MP1 reduces from 7.4 to 2.1 µm. At the same time, the transverse size of the MP2 reduces from 4.1 to 1.6 µm. In contrast, the longitudinal diameters remain almost the same and of the order of 0.8 µm for the MP1 and 0.5 µm for the MP2. In the correlated decrease of MP1 and MP2 cross section sizes in Fig. 3 (b) several features are apparent. A remarkable decrease of the MP1 cross section size occurs in the distance interval from 74 to 132 µm while the transverse diameter of MP2 drastically decreases later in the distance interval from 314 to 345 µm. In addition, a rapid decrease of the transverse diameter of MP1 happens in the distance interval from 393 to 458 µm when the transverse diameter of MP2 remains almost invariable. We explain the changes in the cross sections of the two neighboring micropipes by the contact-free reaction between them. Experimental data in Fig. 3(a, b) tend to confirm the reaction schematically shown in Fig. 1(b) . Most likely, during the rapid decrease of its cross section area MP1 emits a full-core dislocation moving towards MP2 and finally absorbed by it.
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Micropipe Reactions in Bulk SiC Growth www.intechopen.com For a new possible mechanism of the contact-free reactions between micropipes, our calculations have demonstrated that, depending on the signs of the micropipe Burgers vectors (prior to dislocation exchange between micropipes), the moving dislocation must overcome one or two energetic barriers. In the case where the initial micropipe Burgers vectors are of the same sign, the dislocation exchange can happen only if the difference between the micropipe Burgers vector magnitudes is large enough (not less than three magnitudes of the elementary Burgers vector). The energetic barrier(s) that the dislocation has to surmount on its way from one micropipe to the other can supposedly be overcome under the growth front where the conditions can be very far from equilibrium due to high temperature and surface effects. Correlated reduction in micropipe cross-sections indirectly supports our suggestion that micropipes can interact each other without a direct contact, by the proposed mechanism.
Elastic interaction and split of micropipes
Ramification of micropipes
Three imaging techniques: SEM, optical microscopy, and x-ray phase contrast imaging were applied to study the split of micropipes. The SiC samples were on-axis wafers cut perpendicular to the [0001] growth direction, and the ends of screw dislocations with Burgers vector aligned along the [0001] axis were visible on the etched (0001) surface. A typical SEM image of a ramified dislocation with a hollow core is shown in Fig. 4(a) , and Fig. 4(b) is a transmission light image of the same configuration. However, SEM is insensitive and light microscopy is limitedly suited for the detection of micropipes in the wafer interior. By using the phase contrast imaging [ Fig. 4(c) ] ramified micropipes were clearly detected in the bulk, and the numbers of single and ramified ones within each view field were calculated. It appeared that the density of nearby single dislocations as well as the presence of dislocation boundaries did not influence the number of ramified micropipes. Their distribution over the wafer area was almost homogeneous with an average density of two per each view field, the latter being 0.6 × 0.4 mm 2 .
Let us determine when a dislocated micropipe is favorable to split into a pair of parallel micropipes with smaller radii and Burgers vectors. For the sake of simplicity, we focus on the case when the angle between ramifying segments of the micropipe "tree" is small enough to allow one to model these segments as a pair of parallel micropipes extending through the entire crystal. The crystal is modeled as an isotropic medium with the shear modulus G and specific surface energy γ. Let the radius and the Burgers vector of the micropipe prior to the split be r 0 and b 0 = b 0 e z while the radii and the Burgers vectors of two micropipes generated due to the split be r 1 , r 2 and b 1 = b 1 e z , b 2 = b 2 e z , respectively. The distance between the micropipe axes is denoted by d while that between the micropipe free surfaces is designated by h (h=d -r 1 -r 2 ). We suppose that the micropipe ramification is possible if the energy of two growing ramifying micropipe segments (per their unit length) is smaller than the energy of the original micropipe (per its unit length). Also, we assume that the micropipe ramification requires the repulsion of the ramifying segments. To find the conditions for the split we have calculated the energy change due to the split of a micropipe into two contacting ones and the interaction force between two parallel micropipes .The energy ΔW resulting from the micropipe split is shown in Fig. 5(a) . It is presented in units of Gb 2 0 /(4π) in dependence on the normalized distance d/r 0 between the micropipe axes for different values of the parameters r 1 = r 1 /r 0 , r 2 = r 2 /r 0 , b 1 = b 1 /b 0 ,andκ = 8π 2 γr 0 /(Gb 2 0 ).AsisseeninFig.5(a),ΔW either monotonously decreases with d or has a maximum. In the first case, the micropipes formed due to the split repulse at any distance. If the curve ΔW has a maximum, the micropipes repulse at any distance greater than some critical distance d c and attract each other at distances smaller than d c . In this case, the micropipes separation requires overcoming an energetic barrier. It is important to note that the reverse process of the micropipe merging may follow the micropipe split. Indeed, the split may be possible only on account of the reduction in the total micropipe surface area. If the micropipes formed due to the split stay in contact, they are energetically favored to coalesce and produce a single micropipe with a radius close enough to the equilibrium one. In this case, the split and following coalescence of the micropipes results only in a decrease in the micropipe radius, that is, in its partial overgrowth. We suppose that the merging of the micropipe segments generated after the split does not occur if these 1 + r 2 + a) that the micropipes have to overcome to go outside of the attraction area] is small enough. Now let us determine the parameter region where the ramifying micropipe segments (modeled as a pair of parallel micropipes) repulse at any distance. This parameter region is shown in Fig. 5(b) that depicts the system state diagram in the coordinate space (b 1 /b 2 , r 1 /r 2 ). The upper and lower curves separate regions I and III, where the micropipes attract each other at short distances while they repel each other at long distances, and the corresponding critical distance h c = d c -r 1 -r 2 between the micropipe free surfaces exists, from region II, where the micropipes repulse at any distance. As is seen, an attraction area may exist for two same-sign micropipes if b 1 /b 2 and r 1 /r 2 differ by more than 15%-25%. The parameter region where the micropipe ramification does not require overcoming an energetic barrier is given by the intersection of the corresponding parameter regions shown in Fig. 5(a, b) . Such a ramification is possible if the micropipes are of the same sign, the radius of the original micropipe exceeds the equilibrium one, the total micropipe surface area reduces due to the ramification, and the radii of the ramifying micropipes are approximately in the same ratio as the magnitudes of their dislocation Burgers vectors. performed a computer simulation of micropipe evolution (Gutkin et al., 2003a; . For computer modeling, a simple computer code has been elaborated to simulate 2D dynamics of pipes within Newton's approach. We considered the lateral motion of subsurface micropipe segments. The equations of the motion of subsurface micropipe segments had the form:
Merging and twisting of micropipes
where k denotes the number of a specified micropipes, i denotes the numbers of other micropipes, a k is the micropipe segment acceleration, m k is its effective mass, R k is its radius, G is the shear modulus, b k is the projection of the micropipe dislocation Burgers vector onto the direction of the dislocation line, h is the height of subsurface micropipe segments, γ is the specific surface energy, r ik is the distance between the ith and kth micropipes, e ik is the unit vector directed from the ith to the kth micropipe, and e k is the unit vector whose direction coincides with the direction of the lateral micropipe motion. The first term on the right-hand side of formula (3) describes the total force of the interaction of the k-th micropipe with other micropipes, while the second term specifies the force of surface tension related to the steps appearing on micropipe cylindrical surfaces during lateral displacements of micropipe segments. As a result of the simulation, various reactions between the subsurface micropipe segments were observed. It has been shown that the reaction of micropipe coalescence gives rise to the generation of new micropipes with smaller diameters and Burgers vectors or annihilation of initial micropipes (see Figs. 6, 7) , which leads to diminishing their average density. Using the results of 2D simulation, we reconstructed some typical defect configurations in a 3D space. They may be subdivided into planar and twisted micropipe configurations. The planar configurations arise when the interacting pair of micropipes has incomparable diameters or is located far (at the distance of more than about 5 average micropipe diameters) from other 
Role of micropipes in the formation of pores at foreign polytype boundaries
Interaction of micropipes with polytype inclusions
SR phase contrast imaging, optical and scanning electron microscopies, and color photoluminescence have been used to study the interaction of micropipes with foreign polytype inclusions in 4H-SiC bulk crystals. The boules had been grown on carbon-terminated faces of the 6H-SiC seeds by the sublimation sandwich method in Ar atmosphere and in the presence of Sn vapor. The Sn vapor promotes the transformation of the polytype of the substrate into 4H-SiC (Vodakov et al., 1997) . Several wafers were cut from 4H-SiC boules. One wafer, 0.4 mm thick and misoriented 8 • away from the basal plane, was further cut into 0.5 mm wide bars. X-ray experiment was performed in two regimes: (1) via the translation of the wafer to map micropipe distributions over the area and (2) via the rotation of the bar samples to reveal the spatial orientations of macro-and micropores. In the latter case, the rotation axis was perpendicular to the beam and parallel to the long edges of the bar. The rotation interval was 180 • with a 2 • step. The images were recorded in a step by step sequence. Figure 8 (a) shows SEM image of a typical pore located at the boundary of a foreign polytype inclusion. The pore uncovers a slit on a molten KOH treated surface. Figure 8 (b) displays the illumination of the inclusion itself excited by an ultraviolet light at room temperature. When the inclusion is located close to the wafer surface, its polytype can be easily identified by the color of PL. In low N doped samples at room temperature, 6H polytype inclusions have yellow PLs (Saparin et al., 1997) . A sketch of the inclusion, pore, and micropipes is shown in Fig. 8(c) .
For the purposes of the model, it is important to find a way by which micropipes accumulate at the inclusions. Figure 9 shows several representative phase-contrast images registered while rotating the sample in the SR beam. The sample had the shape of a bar. In the image, a relatively thick micropipe [indicated as MP1 on Fig. 9(b) ] follows the growth direction, while the much thinner (and therefore much more mobile) MP2 inclines towards the inclusion boundary. On the other hand, the thick MP3 also bends towards the inclusion, and its surface becomes steplike. MP4 revolves about MP5, which follows the growth direction. The inset in (c) displays twisted micropipes turning to another inclusion of 6H-SiC in the same crystal. Earlier, the reactions of micropipes -twisting and bundling -were discussed in terms of the stress fields from the other surrounding micropipes. (Gutkin et al., 2003a; . However, in this study, stress fields seem to result from the inclusions. The remarkable deviation from the growth direction, the transformation of shape, and the reactions of micropipes prove that they are strongly influenced by the inclusions. Attracted by the inclusions, micropipes collect into 40 µm bundles at the inclusion boundaries. This phenomenon was observed throughout this crystal and other similar crystals. The gathering of micropipes is followed by the reduction of their density in the neighboring regions.
The observations were interpreted based on the following model (Gutkin et al., 2006) . At the boundaries of the other polytypes inclusions the lattice mismatch should exist that gives rise to essential elastic deformation, whose orientational constituent relaxes with the formation of micropipes. At the sites of micropipe accumulation, micropipes elastically interact, which leads to the merge of several micropipes with the generation of cavities along the inclusion boundaries. As a result, the misfit stresses completely relax. Due to the action of image forces, the free surfaces of the cavities thus formed attract new micropipes and, absorbing them, propagate along the inclusion boundaries.
Pore growth by micropipe absorption at foreign polytype boundaries
In the previous section we outlined the results of the elastic interaction of micropipes with polytype inclusions. In this section the processes of micropipe accumulation and their coalescence into a pore is discussed. The pores generated in this way may grow at the expense of absorbed micropipes. We have observed that pores of different sizes and shapes are always present at the boundaries of foreign polytype inclusions in SiC samples under study. Figure 10 illustrates the representative morphology of a typical pore in a 4H-SiC wafer. Comparison of the phase-contrast image [ Fig. 10(a) ] with the PL image [ Fig. 10(b) ] clearly shows that pores are located along the inclusion boundaries as sketched in Fig. 10(c) . The slit pore (1) surrounds one of the inclusion edges, while tubular pores (2)- (5) are located at the inclusion corners. Pore shape reflects a stage in its development. The pore nucleation is initiated as a tube form by initial accumulation of some micropipes near the inclusion boundary. In the process of sequential attraction and absorption of new micropipes, the pore shape changes and step by step transforms into a slit, which can then propagate along the inclusion boundary. Images of another wafer cut of the same 4H-SiC boule are shown in Fig. 11 . The SEM image [ (Fig. 11(a) ] represents etch pits of not only pores, but also micropipes, which appear as faceted pits on the top of the tubes. We see that pores are produced by agglomeration of micropipes. The PL dark green image displayed in the inset to (a) represents a 21R-SiC inclusion in the 4H-SiC wafer. [At room temperature, n-type 6H and 4H polytypes containing N and B show yellow and light green PL, respectively, while Al activated luminescence for rombohedral 21R polytype taken at 77 K is dark green (Saparin et al., 1997) .] The marked pores are located at the edge of the left (concave) inclusion as defined in Fig. 11(c) . The pores spread over the inclusion boundary and propagate deeply inside the wafer. The phase-contrast image [Fig. 4(b) ] also reveals that the pores are produced through the coalescence of micropipes. The observed micropipes remarkably deviate from the growth direction, which we attribute to the interaction of micropipes with the polytype inclusion. Mapping with a lower magnification revealed a significant reduction in micropipe density nearby to the pores, which can be explained by the absorption of micropipes by the pores. The following scenario for pore growth is suggested, as is illustrated by the sketch in Fig. 12 . At the beginning, a few neighboring micropipes are attracted to an inclusion with no pore to accommodate the orientation mismatch between the inclusion and the matrix crystalline lattices [ Fig. 12(a) ] (Gutkin et al., 2006; 2009b) . This orientation mismatch is described mathematically through the components of the inclusion plastic distortions (Gutkin et al., 2006) . In the case of two nonvanishing plastic distortion components, micropipes are attracted to a corner of the inclusion [Figs. 12(a) and 12(b)], where they have an equilibrium position (Gutkin et al., 2006; 2009b) . Let the first micropipe occupy its equilibrium position at this corner [ Fig. 12(b) ]. Then another micropipe, containing a dislocation of the same sign as the first micropipe, is attracted by the inclusion to the same equilibrium position. If the inclusion is "powerful" enough (that is the plastic distortions are large), the attraction force exerted by the inclusion and the free surface of the first micropipe is stronger than the repulsion force between micropipe dislocations, and so the second micropipe merges with the first one. Some of such micropipes, which have been attracted to this corner [Fig. 12(c) ], agglomerate and form a pore. After the pore has been formed, some other micropipes move to the same equilibrium position at the inclusion boundary and are absorbed by the pore [ Fig. 12(d) ], resulting in the pore growth and the change of the dislocation charge accumulated at the boundary. This process continues until the pore occupies the entire inclusion facet or until the pore size becomes so large that the inclusion stops to attract new micropipes. To analyze the conditions at which pore growth along a foreign polytype inclusion at the expense of micropipes absorbed is favored, we suggest a two-dimensional (2D) model of the inclusion, pore and micropipes. Within the model, the inclusion is infinitely long and has a rectangular cross-section (Fig. 13) . The long inclusion axis (z-axis) is oriented along the crystal growth direction while the inclusion cross-section occupies the region (x 1 < x < x 2 , y 1 < y < 0). The mismatch of the matrix and the inclusion crystal lattices is characterized by the inclusion plastic distortions β xz and β yz (Gutkin et al., 2006) . The inclusion/matrix interface contains an elliptic pore, and mobile micropipes lie nearby. The pore is assumed to grow at the expense of micropipes absorbed (Fig. 12 ). For definiteness, we suppose that the pore is symmetric with respect to the upper inclusion facet y=0. The pore semiaxes are denoted as p and q, and the pore surface is defined by the equation x 2 /p 2 + y 2 /q 2 =1.
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Micropipe Reactions in Bulk SiC Growth www.intechopen.com For simplicity, in the following analysis we presume that all micropipes attracted to the inclusion boundary have the same Burgers vectors b and the same radii R 0 (Fig. 13) . The micropipe radius R 0 is supposed to be related to its Burgers vector magnitude b by the Frank relation (Frank, 1951 ) R 0 = Gb 2 /(8π 2 γ),w h er eG is the shear modulus and γ is the specific surface energy. Also, the pore is assumed to grow in such a way that one of its semiaxes q is constant and equal to the micropipe radius R 0 (q = R 0 ), while the other semiaxis p increases. The volume of the elliptic pore is supposed to be equal to the total volume of the micropipes that merge to form the pore. The free volume conservation equation π pq = NπR 2 0 (where N is the number of micropipes agglomerated into the pore) along with the relation q = R 0 gives the following expression for the larger pore semiaxis p: p = NR 0 . To analyze the conditions for pore growth, we have calculated the force F = F x e x + F y e y exerted on a micropipe by the inclusion containing the pore. To do so, we have neglected the short-range effect of the micropipe free surface and considered the micropipe as a screw dislocation with the Burgers vector b and coordinates (x p , y p ) (Fig. 13) . The inclusion stress field has been calculated by integrating the stresses of virtual screw dislocations distributed over inclusion facets, with the density determined by the value of the corresponding component of inclusion plastic distortion. To account for the influence of the elliptic pore, we have used the solution for a screw dislocation near an elliptic pore (Zhang & Li, 1991) in the calculation of the stress field of an individual virtual dislocation. The same solution was used to separately account for micropipe attraction to the free surface of the elliptic pore. The calculation scheme used to cast the quantities F x and F y is described in (Gutkin et al., 2009b) . As an example, in the following analysis, we consider a 4H-SiC inclusion in the 6H-SiC matrix. We assume that the inclusion has the square cross-section with the facet dimension of 200 µm and put γ/G = 1.4 × 10 −3 nm (Si et al., 1997) . The magnitude of the micropipe dislocation Burgers vector is chosen to take the values of 4c,w h e r ec ≈ 1n mi st h e4 H-SiC lattice parameter (Goldberg et al., 2001) . Consider pore growth in the case of equal plastic distortions β xz = β yz = β.F i g u r e s 14(a) and 14(b) show the final pore configurations when β is very small and very large, respectively. If β is very small (here we take β = 5 × 10 −4 ), only one micropipe is attracted to its equilibrium position at the inclusion corner [ Fig. 14(a) ]. The following micropipes attracted to the inclusion boundary will come to new equilibrium positions at the inclusion boundary far away from the corner. As a result, micropipes do not merge into a larger pore. In contrast, if β is very large (here β = 0.05), the following micropipes come first to the corner and further to the growing pore. In this case, the pore can occupy the whole inclusion facet, which is illustrated in Fig. 14(b) . The process of pore growth in the intermediate case (here β = 5 × 10 −3 )i ss h o w ns t e pb y step in Fig. 15 . Initially, the first micropipe is attracted to its equilibrium position at the inclusion corner [ Fig. 15(a) ]. Then new micropipes are attracted to the same equilibrium position and merge, thereby forming a pore. When the pore is not too large, the value of inclusion plastic distortion is sufficient for the pore to attract new micropipes. This case is illustrated in Fig. 15(b) , which shows the force vector field (acting on micropipes) around the pore that has absorbed 35 micropipes. However, the situation drastically changes when the pore size becomes large enough [ Fig. 15(c) ]. Although in this situation a micropipe attraction region still exists near the pore surface, the force on the micropipe is repulsive at some distance from the pore, and the micropipe cannot approach the pore. Under the action of the force field, the micropipe has to round the pore and come to a new equilibrium position at the inclusion boundary far from the pore. The presence of a new equilibrium position for new micropipes is clearly seen in Fig. 15(d) , which represents Fig. 15 (c) in a smaller scale. Thus, the analysis of the forces exerted on micropipes by the inclusion and elliptic pore has shown that the pore attracts micropipes until their number reaches a critical value. After that, the micropipes absorbed by the pore produce a repulsion zone for new micropipes, and pore growth stops. The critical pore size is determined by the values of inclusion plastic distortions. At their small values, isolated micropipes form at the inclusion/matrix interface; at medium values micropipes coalesce to form a pore of a certain size; at large values the pore occupies the whole inclusion boundary. 
Summary
We have briefly reviewed our recent experimental and theoretical studies of collective behavior of micropipes during the bulk SiC growth. The micropipes grow up with the propagation of the crystal growth front and come into reactions with each other as well as with other structural imperfections like foreign polytype inclusions and pores. The reactions between micropipes are either contact-free or contact. A contact-free reaction occurs when one micropipe emits a full-core dislocation, while another micropipe accepts it. We have theoretically described the conditions necessary for such a reaction and provided its indirect experimental evidence. As to contact reactions, we have experimentally documented different transformations and reactions between micropipes in SiC crystal, such as ramification of a dislocated micropipe into two smaller ones, bundling and merging that led to the generation of new micropipes or annihilation of initial ones, interaction of micropipes with foreign polytype inclusions followed by agglomeration and coalescence of micropipes into pores. Theoretical analyses of each configuration have shown that micropipe split happens if the splitting dislocation overcomes the pipe attraction zone and the crystal surface attraction zone. Bundles and twisted dislocation dipoles arise when two micropipes are under strong influence of the stress fields from dense groups of other micropipes. Foreign polytype inclusions attract micropipes due to the action of inclusion stress fields. The micropipe absorption by a pore that has been nucleated at the boundary of inclusion depends on the inclusion distortion. The pore growth stops when the pore absorbs a critical amount of micropipes or occupies the whole inclusion boundary. The general issue is that any kind of the above reactions is quite desired because they always lead to micropipe healing and/or cleaning the corresponding crystal areas from micropipes. Moreover, the contact-free reactions can be treated as a mechanism of thermal stress relaxation, while the micropipe interaction with foreign polytype inclusions and accumulation on their boundaries is a mechanism of misfit stress accommodation. Silicon Carbide (SiC) and its polytypes, used primarily for grinding and high temperature ceramics, have been a part of human civilization for a long time. The inherent ability of SiC devices to operate with higher efficiency and lower environmental footprint than silicon-based devices at high temperatures and under high voltages pushes SiC on the verge of becoming the material of choice for high power electronics and optoelectronics. What is more important, SiC is emerging to become a template for graphene fabrication, and a material for the next generation of sub-32nm semiconductor devices. It is thus increasingly clear that SiC electronic systems will dominate the new energy and transport technologies of the 21st century. In 21 chapters of the book, special emphasis has been placed on the â€oematerialsâ€ aspects and developments thereof. To that end, about 70% of the book addresses the theory, crystal growth, defects, surface and interface properties, characterization, and processing issues pertaining to SiC. The remaining 30% of the book covers the electronic device aspects of this material. Overall, this book will be valuable as a reference for SiC researchers for a few years to come. This book prestigiously covers our current understanding of SiC as a semiconductor material in electronics. The primary target for the book includes students, researchers, material and chemical engineers, semiconductor manufacturers and professionals who are interested in silicon carbide and its continuing progression.
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